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This  paper  presents  an  analysis  of  a  solid  oxide  fuel  cell  (SOFC)  system  integrated  with  an  ethanol  reform¬ 
ing  process.  The  recycling  of  the  anode  exhaust  gas  in  the  integrated  SOFC  system  is  considered  to  improve 
its  performance.  The  results  indicate  that  under  the  same  operating  conditions,  the  SOFC  system  operated 
with  the  recycle  of  the  anode  exhaust  gas  has  higher  electrical  and  thermal  efficiencies  than  a  non¬ 
recycling  SOFC  system.  The  required  conditions  to  prevent  carbon  formation  in  the  ethanol  reformer  are 
also  examined.  When  the  SOFC  system  with  anode  exhaust  gas  recycling  is  operated  at  a  higher  recir¬ 
culation  ratio  and  fuel  utilization,  the  carbon  formation  can  be  reduced,  which  in  turn  decreases  the 
reformer  operating  temperature.  However,  the  recirculation  ratio  has  to  be  carefully  selected  because  an 
increase  in  the  recirculation  ratio  has  an  adverse  impact  on  the  electrical  efficiency  of  the  SOFC  system. 
In  addition,  the  results  show  that  the  electrical  efficiency  depends  on  the  fuel  utilization  of  the  SOFC. 
At  low  fuel  utilization  (0.5-0.6),  the  electrical  efficiency  increases  as  the  recirculation  ratio  increases.  In 
contrast,  when  the  SOFC  is  operated  at  a  higher  fuel  utilization  (>0.6),  an  increase  in  the  recirculation 
ratio  results  in  a  decrease  in  the  electrical  efficiency. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Fuel  cells  have  been  identified  as  an  alternative  method  to 
generate  power  with  high  efficiency  and  environmental  friendli¬ 
ness  when  compared  to  a  conventional  combustion-based  process. 
Among  the  various  types  of  fuel  cells,  the  solid  oxide  fuel  cell  (SOFC) 
is  the  most  promising  fuel  cell  technology,  as  it  can  be  used  in  a 
wide  range  of  commercial  applications.  The  high  operational  tem¬ 
perature  of  the  SOFC  (1073-1273 1<)  results  in  many  advantages; 
for  example,  the  high-temperature  waste  heat  from  a  SOFC  can  be 
recovered  for  use  in  other  heat-demanding  units  in  the  SOFC  sys¬ 
tem.  In  addition,  different  fuels  (e.g.,  methane,  methanol,  ethanol, 
etc.)  can  be  directly  fed  to  the  SOFC  due  to  the  possibility  for  oper¬ 
ation  with  internal  reforming  [1  ]. 

In  general,  natural  gas  is  widely  used  as  the  fuel  for  SOFC 
applications.  However,  liquid  fuels  such  as  ethanol,  methanol  and 
gasoline  have  been  recommended  for  use  in  automotive  appli¬ 
cations  or  auxiliary  power  units  [2-4].  In  comparison  with  other 
feedstocks,  ethanol  is  considered  an  economically  attractive  green 
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fuel  as  it  can  be  derived  renewably  from  several  biomass  sources, 
including  energy  plants  and  agriculture  residues  [5].  In  addition, 
it  presents  several  advantages  for  fuel  cell  applications;  that  is,  it 
has  a  relatively  high  hydrogen  content  and  is  easy  to  store,  han¬ 
dle  and  transport  safely  due  to  its  lower  toxicity  and  volatility  [6]. 
Douvartzides  et  al.  [7]  presented  a  thermodynamic  and  economic 
analysis  of  the  electricity  generation  of  SOFCs  using  various  fuels. 
The  results  showed  that  the  use  of  ethanol  to  produce  hydrogen 
for  SOFCs  is  a  very  promising  option.  When  ethanol  is  considered 
as  the  primary  fuel,  it  is  possible  to  be  internally  reformed  into  a 
hydrogen-rich  gas  (synthesis  gas)  within  a  fuel  cell  stack  (referred 
to  as  an  internal  reforming  SOFC,  or  IR-SOFC)  because  the  oper¬ 
ating  temperature  of  the  SOFC  is  in  the  same  range  as  that  of  the 
reforming  reactions.  However,  it  was  reported  that  the  direct  feed 
of  ethanol  to  the  SOFC  stack  is  not  appropriate  due  to  the  easy 
degradation  of  the  Ni/YSZ  catalyst  at  the  anode  by  carbon  forma¬ 
tion,  which  leads  to  the  loss  of  fuel  cell  performance  and  poor 
durability  [8].  In  order  to  avoid  this  problem,  the  implementation  of 
an  external  reforming  system  is  a  potentially  better  option  because 
the  higher  content  of  hydrogen  that  is  obtained  from  the  conver¬ 
sion  of  ethanol  via  a  steam  reforming  process  can  be  introduced 
to  the  SOFC  stack  [9].  Nevertheless,  because  the  steam  reforming 
reaction  involves  a  highly  endothermic  reaction,  the  SOFC  system 
with  external  reforming  requires  a  high  external  heat  source  and 
efficient  energy  management. 
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Nomenclature 

ac 

activity  coefficient  of  carbon 

Ac 

fuel  cell  active  area  (m2) 

^eff, anode 

effective  gaseous  diffusivity  through  anode 

(m2  s-1) 

^eff, cathode  effective  oxygen  diffusivity  through  cathode 

(m2  s-1) 

Eocv 

open-circuit  voltage  (V) 

E° 

open-circuit  voltage  at  the  standard  pressure  (V) 

^anode 

activation  energy  of  anode  (kj  mol-1 ) 

^cathode 

activation  energy  of  cathode  (kj  mol-1 ) 

F 

Faraday  constant  (C  mol-1 ) 

h 

enthalpy  (kjmol-1) 

AH” 

standard  heat  of  reaction  (kj  mol-1 ) 

j 

current  density  (Am-2) 

Jo, anode 

exchange  current  density  at  anode  (Am-2) 

Jo, cathode 

exchange  current  density  at  cathode  (Am-2) 

^anode 

pre-exponential  factor  of  the  anode  (Am-2) 

^cathode 

pre-exponential  factor  of  cathode  (Am-2) 

Ken 

equilibrium  constants 

UTVc2h5oh  low  heating  value  of  ethanol  (kj  s-1 ) 

n 

number  of  electrons  transferred 

h 

molar  flow  rate  (mol  s-1 ) 

Pi 

partial  pressures  of  component  i  (bar) 

P 

operating  pressure  of  SOFC  (bar) 

Psofc 

electrical  power  output  (W) 

Q 

thermal  energy  (kj  s-1 ) 

R 

gas  constant  (kj  mol-1  K-1 ) 

^ohm 

total  internal  resistance  (£2  m2) 

T 

temperature  (K) 

Uf 

fuel  utilization  factor 

V 

operating  cell  voltage  (V) 

z 

amount  of  hydrogen  consumed  by  the  electrochem¬ 
ical  reaction  (mol  s-1 ) 

Greek  symbols 

a 

transfer  coefficient 

1 7 

overpotentials  (V) 

^air 

excess  air  ratio 

^anode 

electronic  conductivity  of  anode  (£2-1  m-1 ) 

^cathode 

electronic  conductivity  of  cathode  (£2-1  m-1 ) 

<7 electrolyte  ionic  conductivity  of  electrolyte  (£2-1  m-1 ) 

^anode 

thickness  of  anode  (m) 

^cathode 

thickness  of  cathode  (m) 

^electrolyte  thickness  of  electrolyte  (m) 

Subscripts 

a 

air  channel 

cone 

concentration  overpotentials 

f 

i 

fuel  channel 
chemical  component 

J 

reaction 

ohm 

ohmic  loss 

r 

reformer 

sofc 

solid  oxide  fuel  cell 

SM 

steam  reforming  reaction 

TPB 

three-phase  boundary 

WGS 

water  gas  shift  reaction 

When  considering  the  operating  parameters  of  SOFC  systems, 
it  has  been  reported  that  the  fuel  utilization  is  the  most  important 
parameter  affecting  the  performance  of  SOFC.  A  SOFC  operated  at 
high  fuel  utilization  can  provide  high  electrical  efficiency.  Flowever, 


at  high  fuel  utilization,  more  hydrogen  is  consumed  by  the  electro¬ 
chemical  reactions,  and  the  fuel  stream  at  the  SOFC  fuel  channel 
is  thus  diluted  by  steam  [10].  A  hydrogen  deficiency  due  to  the 
unbalanced  fuel  flowing  through  the  SOFC  causes  a  larger  buildup 
of  nickel  oxide  [11]  as  well  as  corrosion  on  the  carbon  plate  [12]. 
Therefore,  it  is  reasonable  to  operate  the  SOFC  at  a  moderate  fuel 
utilization.  Under  this  condition,  the  SOFC  can  produce  electrical 
power  together  with  a  high- temperature  exhaust  gas  that  contains 
useful  remaining  fuel  (i.e.,  hydrogen  and  carbon  monoxide).  Typ¬ 
ically,  the  exhaust  gases  from  fuel  and  air  channels  are  burnt  in 
an  afterburner  to  produce  more  heat,  which  is  used  to  preheat  the 
fuel  stream  and  supplied  to  the  steam  reformer.  Although  the  com¬ 
bustion  of  exhaust  gases  can  increase  the  thermal  efficiency  of  the 
SOFC  system,  the  fuel  stream  is  utilized  inefficiently.  To  improve  the 
overall  SOFC  performance,  a  SOFC  system  with  anode  exhaust  gas 
recycling  has  been  proposed  in  the  literatures  [13-15].  A  portion  of 
anode  exhaust  gas  containing  useful  fuels,  i.e.,  hydrogen  and  carbon 
monoxide,  is  recirculated  to  mix  with  the  inlet  fuel  before  it  is  fed 
to  the  reformer,  whereas  the  rest  of  the  anode  exhaust  gas  is  burnt 
with  the  cathode  exhaust  gas  in  the  afterburner.  Interestingly,  it  is 
noteworthy  that  the  steam  produced  by  the  electrochemical  reac¬ 
tion  in  the  anode  exhaust  gas  can  be  further  used  as  a  reagent  for 
steam  reforming  and  thus  the  requirement  for  fresh  steam  can  be 
reduced  [16].  Shekhawat  et  al.  [14]  demonstrated  that  the  utiliza¬ 
tion  of  the  anode  exhaust  gas  in  the  SOFC  system  integrated  with 
the  catalytic  partial  oxidation  of  diesel  can  reduce  the  carbon  for¬ 
mation  and  increase  the  hydrogen  concentration  in  the  reformate 
gas.  Although  the  SOFC  system  with  anode  exhaust  gas  recycling 
was  previously  studied  as  mentioned  above,  there  are  few  studies 
that  investigate  in  detail  the  effect  of  utilizing  the  anode  exhaust 
gas  on  the  reforming  process  and  the  SOFC  system  performance. 
This  understanding  allows  for  the  improvement  of  the  overall  SOFC 
system  efficiency. 

In  this  study,  the  performance  of  a  SOFC  system  fuelled  by 
synthesis  gas  derived  from  an  ethanol  reforming  process  with  non¬ 
recycling  and  recycling  of  the  anode  exhaust  gas  is  investigated 
based  on  a  thermodynamic  analysis.  The  optimal  design  of  the  SOFC 
system  is  determined  by  considering  the  electrical  and  thermal 
efficiencies.  In  addition,  the  influences  of  the  fuel  utilization  and 
recirculation  ratio  of  the  anode  exhaust  gas  on  the  carbon  forma¬ 
tion  in  the  ethanol  steam  reformer  and  on  the  system  efficiency  are 
investigated  to  justify  the  benefit  of  using  the  anode  exhaust  gas 
recycling. 


2.  Model  of  SOFC  system 

2.1.  SOFC  system 

Fig.  la  and  b  shows  schematics  of  the  ethanol  steam  reformer 
and  the  SOFC  integrated  system  with  and  without  the  recycle  of 
the  anode  exhaust  gas,  respectively.  Both  the  SOFC  systems  consist 
of  a  vaporizer,  heat  exchanger,  fuel  processor,  SOFC  stack  and 
afterburner.  First,  ethanol  and  water  are  separately  fed  into  the 
vaporizer  and  then  sent  to  the  heat  exchanger  to  be  preheated  to 
the  desired  operating  temperature  of  the  reformer.  The  ethanol 
and  steam  then  undergo  the  steam  reforming  reaction  at  the 
reformer  to  produce  a  synthesis  gas.  The  obtained  synthesis  gas  is 
preheated  before  being  fed  to  the  SOFC  stack  where  the  hydrogen 
in  the  synthesis  gas  reacts  with  oxygen  in  air  to  produce  electrical 
power  via  an  electrochemical  reaction.  The  residue  fuel  in  the  SOFC 
outlet  stream  is  combusted  in  the  afterburner  and  the  heat  thus 
generated  can  be  used  for  the  heat-requiring  units  in  the  SOFC  sys¬ 
tem.  In  the  case  where  the  anode  exhaust  gas  is  recycled  (Fig.  lb), 
a  portion  of  the  anode  exhaust  gas  is  recycled  to  the  reformer.  The 
steam  generated  by  the  electrochemical  reaction  can  be  used  as 
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Fig.  1.  Schematic  of  the  SOFC  systems  integrated  with  an  external  ethanol  steam  reformer:  (a)  no  recirculation  and  (b)  anode  exhaust  gas  recirculation. 


a  reforming  reagent,  whereas  the  residue  of  carbon  monoxide  in 
the  anode  exhaust  gas  can  further  react  with  steam  via  the  water 
gas-shift  reaction  to  produce  more  hydrogen  in  the  steam  reformer. 

The  following  assumptions  have  been  made  for  modeling  the 
ethanol  steam  reforming  and  SOFC  integrated  system:  (i)  heat 
losses  from  each  unit  in  the  SOFC  system  are  negligible,  (ii)  all  gases 
behave  as  ideal  gases,  and  (iii)  the  temperatures  of  the  system  are 
kept  constant. 


The  equilibrium  composition  of  the  synthesis  gas  at  the  outlet 
of  the  steam  reformer  can  be  determined  based  on  a  thermody¬ 
namic  analysis  using  a  stoichiometric  approach.  The  equilibrium 
constants  of  each  reaction  (Eqs.  (l)-(3))  can  be  written  as: 


PcO,rPH2,r 

Pc2H50H,rPH20,r 


(4) 


2.2.  Fuel  processor 

The  main  reactions  that  occur  in  the  ethanol  steam  reformer  for 
hydrogen  production  are  as  follows  [17]: 

C2H5OH  +  H20  4H2  +  2 CO  (1 ) 


fQq.WGS  = 


PC02,rPH2,r 

PC0,rPH20,r 


K< 


eq,MR 


PCH4,rPH20,r 

PC0,rP^2,r 


(5) 

(6) 


co  +  h2o^h2  +  co2 

(2) 

CO  +  3H2  CH4  +  H20 

(3) 

where  I<eqj  represents  the  equilibrium  constant  associated  with 
reaction  j  and  piY  is  the  partial  pressure  of  component  i  in  the  steam 
reformer. 
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The  equilibrium  constants  of  all  the  reactions  can  be  determined 
by  the  Van’t  Hoff  equation: 


the  use  of  Ni-cermet  as  the  anode  can  provide  sufficient  activity  for 
the  steam  reforming  reaction. 


din  K  A H° 

~dT~  ~  ~RT 2" 

The  molar  flow  rates  of  each  component  in  the  ethanol  steam 
reformer  are  given  by  the  following  expressions: 


ftEtOH.r  =  0  —  X\  (8) 

nH2o,r  =  b  +  c - Xi  -X2+X3  (9) 

ftH2,r  =  d  +  4xi  +x2  -3x3  (10) 

nCo,v=g  +  2x1  -X2-X3  (11) 

ncH4,r  =  m  +  x3  (12) 

ftco2,r  =  e  +  x2  (13) 

6 

^ total, r  =  ^fti  =  a  +  b  +  c  +  d  +  e+g  +  m  +  4xi  -  2x3  (14) 

i- 1 


where  X\ ,  x2  and  x3  are  the  extent  of  reactions  of  Eqs.  ( 1  )-(3 )  and  a 
and  b  represent  the  inlet  feed  flows  of  ethanol  and  water  fed  to  the 
steam  reformer,  respectively.  When  recycling  the  anode  exhaust 
gas,  c,  d,  e,  g  and  m  represent  the  inlet  recycle  flows  of  water,  hydro¬ 
gen,  carbon  dioxide,  carbon  monoxide  and  methane  to  the  steam 
reformer,  respectively. 

The  following  three  reactions,  i.e.,  the  Boudouard  reaction  (Eq. 
(15)),  methane  cracking  (Eq.  (16))  and  CO  reduction  (Eq.  (17)),  are 
the  most  probable  reactions  that  can  lead  to  the  formation  of  carbon 
in  the  ethanol  reforming  system: 

2C0^C02+C  (15) 

CH4^2H2  +  C  (16) 

C0  +  H2^H20  +  C  (17) 


Steam  reforming  :  CH4  +  H20  CO  +  3H2  (20) 

Water  gas  shift :  CO  +  H20  C02  +  H2  (21) 

Hydrogen  is  produced  from  the  ethanol  steam  reformer  as  well 
as  from  the  methane  reforming  and  water  gas-shift  reactions  on  the 
anode  side  and  is  consumed  by  the  oxidation  reaction  (Eq.  (22)) 
to  generate  steam  and  electrons.  Oxygen  in  the  air  that  is  fed  at 
the  cathode  side  is  reduced  to  oxygen  ions  (Eq.  (23))  that  migrate 
through  the  electrolyte.  The  overall  electrochemical  reaction  occur¬ 
ring  within  the  SOFC  is  shown  in  Eq.  (24).  The  electrons  flow  from 
the  anode  to  the  cathode  to  produce  direct-current  electricity. 


Anode  :  H2  +  02“  -*  H20  +  26- 

(22) 

Cathode  :  0.5O2  +  2e“  ->•  O2- 

(23) 

Overall  reaction  :  H2  +  0.502  H20 

(24) 

The  molar  flow  rates  of  each  component  at  the  SOFC  outlet  can 
be  determined  based  on  the  reaction  equilibrium.  The  relationships 
between  the  thermodynamic  equilibrium  constants  and  gaseous 
components  for  the  steam  reforming  and  water  gas  shift  reactions 
in  the  SOFC  stack  are  shown  in  Eqs.  (25)  and  (26),  respectively. 


PcO,sofcPH2,sofc 

PCH4,sofcPH20,sofc 


f^eq.WGS  = 


Pc  02  ,sofcPH2  ,sofc 
PcO,sofcPH20,sofc 


(25) 

(26) 


where  piso fc  is  the  partial  pressure  of  species  i  at  the  SOFC  outlet. 

For  the  SOFC  operation,  hydrogen  is  consumed  by  the  elec¬ 
trochemical  reaction  (z).  The  consumption  of  hydrogen  is  related 
to  a  fuel  utilization  factor  (Uf)  and  the  inlet  gas  compositions,  as 
expressed  in  Eq.  (27). 


In  this  study,  the  carbon  formation  is  examined  by  using  a 
thermodynamic  analysis  that  considers  the  Boudouard  reaction 
because  it  presents  the  lowest  value  of  the  Gibbs  free  energy.  The 
possibility  of  the  carbon  formation  is  determined  by  the  value  of 
the  carbon  activity,  defined  as: 


^bPco.r 

ac  —  — - 

Pc  02,r 


(18) 


where  ac  is  the  activity  coefficient  of  carbon  and  JCb  represents 
the  equilibrium  constant  for  the  Boudouard  reaction.  If  the  carbon 
activity  is  greater  than  unity,  the  system  is  not  in  equilibrium  and 
carbon  formation  is  present.  When  the  carbon  activity  equals  to 
unity,  the  system  is  in  equilibrium.  Finally,  when  the  carbon  activ¬ 
ity  is  less  than  unity,  the  formation  of  carbon  is  thermodynamically 
impossible  in  the  system.  It  is  noted  that  the  carbon  activity  is  only 
the  indicator  for  determining  the  presence  of  carbon  in  the  system 
and  thus  the  amount  of  carbon  formation  cannot  be  examined. 

The  heat  required  for  the  steam  reformer  operation  can  be  com¬ 
puted  from  the  energy  balance  equation  around  the  reformer: 


(19) 


2.3.  SOFC  model 


The  synthesis  gas  obtained  from  the  ethanol  steam  reformer 
consists  of  CH4,  H2,  H20,  CO,  and  C02  and  is  fed  to  a  fuel  channel 
of  the  SOFC.  Because  the  SOFC  is  operated  at  high  temperatures,  a 
steam  reforming  reaction  of  methane  (Eq.  (20))  and  a  water  gas  shift 
reaction  (Eq.  (21))  can  occur  within  the  SOFC  stack.  Furthermore, 


Uf  =  — - t - 7 — r  (27) 

(4nCH4  +  ftH2  +  ftco) 

The  current  density  (j)  generated  by  the  fuel  cell  involves  the 
decrease  of  hydrogen  by  the  electrochemical  reaction  at  the  anode 
side  (Eq.  (28)): 


(28) 


where  F  is  the  Faraday  constant  and  Ac  is  the  fuel  cell  active  area. 

The  theoretical  open-circuit  voltage  or  the  reversible  cell  voltage 
computed  by  the  difference  between  the  thermodynamic  poten¬ 
tials  of  the  electrode  reactions  can  be  expressed  by  the  Nernst 
equation: 


=  E°  -  S  In 

2  F 


J  h2o 


(29) 


where  E°  is  the  open-circuit  voltage  at  standard  pressure  and  is  a 
function  of  the  operating  temperature,  expressed  as: 

E°  =  1.253  -  2.4516  x  10-4  T  (K)  (30) 


The  operating  cell  voltage  or  actual  fuel  cell  voltage  (V)  is  always 
lower  than  its  open-circuit  voltage  due  to  the  internal  voltage  losses 
encountered  in  real  fuel  cell  operation  (Eq.  (31)).  There  are  three 
dominant  voltage  losses,  which  are  the  function  of  the  temperature, 
current  density  and  substance  concentrations. 


V  —  E  —  r)aCf  —  ?7ohm  —  Pconc  (31 ) 

Ohmic  losses  {p0hm)  occur  due  to  the  resistance  to  the  flow  of 
ions  in  the  electrolyte  and  the  resistance  to  the  flow  of  electrons 
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through  the  electrodes  and  current  collectors.  This  loss  is  linearly  cathode  and  the  anode,  which  depend  on  the  operating  tempera- 

correlated  with  the  voltage  drop  and  current  density  (Eq.  (32)).  ture  as  shown  in  Eqs.  (42)  and  (43),  respectively. 


Pohm  —  J^ohm  (32) 

where  Rohm  is  the  internal  resistance,  which  depends  on  the  con¬ 
ductivity  and  thickness  of  the  individual  layers  as  shown  below: 

r>  ^anode  .  ^electrolyst  ^cathode 

KOhm  =  ~ - f  - -  +  - -  (33) 

°anode  °electrolyst  °cathode 

where  ranode,  rcathode  and  reiectroiyte  are  the  thickness  of  the  anode, 
cathode  and  electrolyte  layers,  respectively.  tranode  and  ^cathode  are 
the  electronic  conductivity  of  the  anode  and  cathode,  respectively, 
and  a eiectrolyte  is  the  ionic  conductivity  of  the  electrolyte. 

The  concentration  overpotentials  ( r)conc )  are  caused  by  a 
decrease  in  the  substances  at  the  surface  of  the  electrodes  due 
to  the  resistance  to  mass  transport.  These  overpotentials  become 
significant  at  high  current  densities  because  the  rate  of  hydrogen 
consumption  at  the  reaction  sites  is  higher  than  that  of  diffusion 
of  the  reactant  through  the  porous  electrode  to  the  reaction  sites 
[10,18].  These  overpotentials  can  be  expressed  as: 

Pc  one  =  T)c  one, anode  +  Pconc, cathode  (34) 


jo, cathode  =  ^cathode  exp  ^_£c^ode)  (42) 

JO, anode  =  ^  kanode  exp  (-  )  (43  ) 

where  ECathode  and  Eanode  represent  the  activation  energies  at  the 
anode  and  the  cathode,  which  are  equal  to  137  and  140  kj  mol-1, 
respectively,  and  kCathode  and  kanode  denote  the  pre-exponential  fac¬ 
tors,  which  are  2.35  x  1011  and  6.54  x  1011  m-2,  respectively 

[10]. 

The  electrical  power  output  (Psofc)  is  obtained  when  a  current  is 
drawn  from  the  fuel  cell,  defined  as: 

Fsofc  =  I  x  ^actual  —  J  x  ^actual  x  (44) 

where  Vactual  represents  the  actual  voltage  and  I  is  the  current  flow¬ 
ing  through  the  fuel  cell. 

In  this  study,  the  SOFC  is  operated  under  adiabatic  condition; 
therefore,  the  air  flowing  through  the  SOFC  is  employed  to  con¬ 
trol  the  fuel  cell  temperature.  The  air  inlet  temperature  can  be 
calculated  from  the  energy  balance  around  the  fuel  cell,  given  as: 


RT  ( 
Pconc, anode  —  ^ p  ^  ( 

Ph2o,tpbPh2  f  ^ 

(35) 

PH20,fPH2,TPB  J 

RT 

Pconc, cathode  —  ln 

f  P02,a  \ 

\  P02)TPB  / 

(36) 

The  partial  pressures  of  H2,  H20,  and  02  at  the  three-phase 
boundaries  can  be  determined  by  using  a  gas  transport  model  in 
porous  media  as  shown  in  the  following  expressions: 


Ph2,tpb  =  PH2,f  - 


^^Yanode  j 

2FDeffanode 


Ph2o,tpb  =  PH20,f  + 


PFranode  . 

2FDeff  anode 


(37) 

(38) 


(45) 


2.4.  Other  units 
2.4.1.  Vaporizers 

Ethanol  and  water  are  converted  from  the  liquid  to  the  gas  phase 
in  the  vaporizer.  The  required  heat  for  the  operation  of  the  vaporizer 
can  be  expressed  as: 


Po2,tpb  =  P  ~  (P  ~  Po2,a )  exp  (  £7Ycathode  j\  (39) 

\4FDe{[cathodeP  J 

where  P  is  the  operating  SOFC  pressure,  Deff  anode  is  the  effective 
gaseous  diffusivity  through  the  anode  (considered  to  be  a  binary 
gas  mixture  of  H2  and  H20)  and  Deffcathode  is  the  effective  oxy¬ 
gen  diffusivity  through  the  cathode  (considered  to  be  a  binary  gas 
mixture  of  02  and  N2). 

The  activation  overpotentials  (pact)  are  caused  by  the  slug¬ 
gishness  of  the  electrochemical  reaction  at  the  electrode  surfaces. 
The  activation  overpotentials  can  be  determined  by  the  non-linear 
Butler-Volmer  equation  as  follows: 


J  —  J  0, anode 


Ph2,tpb  /  omF 

— - —  exp  i - 


V  RT 


P  H2,f 

Ph2o,tpb _ l  (1  -  a)nF 


Pact, anode  , 


Ph 


),TPB  ( 

- exp  - 

>o,f  V 


RT 


Pact, anode 


J  —  J  0, cathode 


( anF  > 

Pact, cathode 


-  exp  - 


(1  -a)nF 
RT 


Pact, cathode  ) 


(40) 


(41) 


where  a  is  the  transfer  coefficient  (usually  considered  to  be  0.5),  n  is 
the  number  of  electrons  transferred  in  the  single  elementary  rate- 
limiting  reaction  step  represented  by  the  Butler-Volmer  equation 
and  Jo, cathode  an^  Jo, anode  are  the  exchange  current  density  at  the 


Qvap,C2H5OH  = 


(46) 


(47) 


2.4.2.  Pre-heaters 

As  seen  in  Fig.  1 ,  the  SOFC  system  has  three  pre-heaters  that  are 
used  to  preheat  the  feed  stream  of  ethanol  and  steam,  the  synthesis 
gas  obtained  from  the  reformer  and  the  air  fed  to  the  SOFC.  The  heat 
required  for  these  pre-heaters  can  be  determined  by  the  following 
equations: 


Qpreheater,!  — 


0preheater,2  — 


Qpreheater, 3  — 


(48) 


(49) 


(50) 


2.4.3.  Mixer 

For  the  SOFC  system  with  anode  exhaust  gas  recycling,  the  recir¬ 
culated  gas  stream  is  mixed  with  the  fresh  fuel  feed  in  a  mixer.  The 


D.  Saebea  et  al.  /  Journal  of  Power  Sources  208  (2012)  120-130 


125 


Table  1 

Values  of  the  structural  parameters  for  the  planar  SOFC. 


Cell  length,  I  (m) 

0.4 

Cell  width,  W  (m) 

0.1 

Fuel  channel  height,  hf  (mm) 

1 

Air  channel  height,  ha  (mm) 

1 

Anode  thickness,  ranode(pm) 

500 

Cathode  thickness,  rcathode  (pm) 

50 

Electrolyte  thickness,  reiectroiyte  (pm) 

20 

outlet  temperature  of  the  mixer  can  be  calculated  from  the  energy 
balance  around  the  mixer,  expressed  as: 


2.4.4.  After-burner 

The  residue  flue  gas  from  the  anode  outlet  stream  and  the 
unused  oxidant  gas  from  the  cathode  are  mixed  and  burnt  in  an 
afterburner.  The  combustion  reactions  that  occur  in  the  afterburner 
can  be  written  as  follows: 


Hydrogen  combustion  :  H2  +  0.502  ->  H20  (52) 

Carbon  monoxide  combustion:  CO  +  0.5O2^CO2  (53) 

For  the  non-recycling  SOFC  system,  the  exit  temperature  of  the 
afterburner  can  be  calculated  from  the  energy  balance  on  the  after¬ 
burner  as: 


(54) 


For  the  SOFC  system  with  anode  exhaust  gas  recycling,  the  por¬ 
tion  of  the  anode  flue  gas  that  is  not  recycled  to  the  reformer  is  fed 
into  the  afterburner.  The  exit  temperature  of  the  afterburner  outlet 
is  calculated  by  solving  the  following  equation: 


The  performance  parameters  of  the  SOFC  system  are  considered 
in  terms  of  the  electrical  efficiency  ( rje\ )  and  the  thermal  efficiency 


( ?7th )» which  are  defined  as: 

T]  i  —  ^sofc 

fic2  h5  ohLHVq2  h5  oh 

(56) 

Qrec  —  Quse 

th  ^C2  h5  oh  TH  Vjc2  h5  OH 

(57) 

where  hc2H5OH  is  the  inlet  ethanol  molar  flow  rate,  LHVq2 h5oh  is  the 
lower  heating  value  of  ethanol,  Qrec  is  the  thermal  energy  obtained 
from  the  SOFC  system  (the  reference  temperature  is  100°C)  and 
Quse  is  the  total  thermal  energy  used  in  the  SOFC  system. 


2.5.  Solution  approach 

The  performance  of  the  SOFC  system  with  non-recycling  and 
recycling  of  the  anode  exhaust  gas  is  analyzed  based  on  the  SOFC 
system  model  mentioned  in  the  previous  section.  The  proposed 
model  consists  of  a  set  of  nonlinear  algebraic  equations  and  was 
coded  and  solved  by  using  MATLAB.  Tables  1-3  list  the  parameters 
of  the  SOFC  geometry,  material  properties  and  operating  condi¬ 
tions  for  the  SOFC  system  under  nominal  conditions  [1,10,18].  The 
SOFC  model  was  verified  with  the  experimental  data  of  Zhao  and 
Virkar  [19]  to  ensure  its  reliability.  The  values  of  the  operating 
parameters  used  for  model  validation  are  presented  in  Table  4. 
The  comparison  of  the  model  prediction  with  the  experimental 


Table  2 

Values  of  the  kinetic  and  material  property  parameters  for  the  SOFC. 


Pre-exponential  factor  of  anode  exchange 
current  density,  /<anode  (Am-2) 

6.54  x  1011 

Pre-exponential  factor  of  cathode  exchange 
current  density,  kCathode  (Am-2) 

2.35  xlO11 

Activation  energy  of  anode  exchange  current 
density,  Ean0de  (kjmol-1) 

140 

Activation  energy  of  cathode  exchange  current 
density,  Ecathode  (kj  mol-1 ) 

137 

Anode  diffusion  coefficient,  Deffanode  (m2  s-1 ) 

3.66  x  10-5 

Cathode  diffusion  coefficient,  DeffiCathode 
(m2  s-1) 

1.37  x  10-5 

Anode  electrical  conductivity,  cranode  (^_1  m-1) 

4-2*107  exp  (-1200) 

Cathode  electrical  conductivity,  crcathode 
(£2-1  m-1) 

9-5*107  exp  (-1)50) 

Electrolyte  ionic  conductivity,  creiectroiyte 
(ft-1  m-1) 

33.4  XlO3  exp  (=!®fi) 

Table  3 

Values  of  the  operating  conditions  for  the  SOFC  system  under  nominal  conditions. 


Pre-reformer  unit 

Operating  temperature,  Tr  (I<)  973  K 

Operating  pressure,  Pr  (bar)  1 

Molar  flow  of  ethanol  (mol  s-1)  1 

Solid  oxide  fuel  cell  unit 

Operating  temperature,  Tsofc  (K)  1073 

Operating  pressure,  Psofc  (bar)  1 

Air  composition  21%02,79%N2 

Fuel  utilization  0.7 

Excess  air  ratio  8.5 

SOFC  pressure  drop  (%)  2 


data  regarding  the  operating  voltage  of  the  SOFC  at  different  cur¬ 
rent  densities  and  operating  temperatures  is  shown  in  Fig.  2.  It  can 
be  seen  that  the  model  prediction  shows  a  good  agreement  with 
the  experimental  data  of  the  SOFC  operated  under  the  tempera¬ 
ture  range  used  in  this  study.  The  model  parameters  may  differ 
from  the  experiment  as  they  are  taken  from  different  sources  and 
this  factor  causes  the  error  between  the  model  prediction  and 
experimental  data;  however,  this  error  can  be  reasonably  accept¬ 
able. 

For  the  simulations  of  the  SOFC  system  with  anode  exhaust  gas 
recycling,  an  iterative  approach  is  employed:  the  recycle  stream 
(i.e.,  the  composition  of  the  anode  exhaust  gas)  is  assumed  to  be 
variable  and  the  SOFC  system  model  is  solved  until  the  assumed 
variables  are  recalculated.  This  procedure  is  repeated  until  the 
difference  in  the  values  of  the  assumed  and  calculated  variables 
satisfies  a  desired  accuracy  (10-6). 


Table  4 

Values  of  the  input  parameters  used  in  the  model  validation  [19]. 


Operating  temperature,  Tsofc  (K) 

873,  973, 1073 

Operating  pressure,  Psofc  (bar) 

1 

Air  composition 

21%  02,  79%  N2 

Fuel  composition 

97%  H2,  3%  H20 

Cell  dimensions 

Cell  length,  L  (m) 

0.4 

Cell  width,  W  (m) 

0.1 

Fuel  channel  height,  /if  (mm) 

1 

Air  channel  height,  ha  (mm) 

1 

Anode  thickness,  ranode  (pm) 

1000 

Cathode  thickness,  rcath0de  (pm) 

20 

Electrolyte  thickness,  reiectroiyte  (pm) 

8 
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Fig.  2.  Comparison  between  the  model  predictions  and  experimental  results  of  Zhao 
and  Virkar  [19]. 

3.  Results  and  discussion 

3.1.  Comparison  ofSOFC  systems  with  and  without  anode 
exhaust  gas  recycling 

The  performances  of  the  SOFC  system  with  and  without  recy¬ 
cling  the  anode  exhaust  gas  are  first  analyzed  under  nominal 
conditions.  The  steam  and  ethanol  fed  to  the  ethanol  steam 
reformer  are  fixed  at  the  ratio  of  1.5.  The  results  show  that  the 
electrical  performance  of  the  SOFC  system  with  the  anode  gas 
recycling  is  46.16%,  which  is  higher  than  that  without  the  anode 
gas  recycle  (42.87%).  Table  4  shows  the  heat  duty  needed  in 
each  unit  of  both  SOFC  systems.  The  energy  requirements  for  the 
ethanol  processor  section  of  the  SOFC  system  with  and  without 
the  anode  exhaust  gas  recirculation  are  397.10  and  634.18  kW, 


Fig.  4.  Effect  of  the  recirculation  ratio  of  the  anode  exhaust  gas  at  different  fuel 
utilizations  on  the  requirement  of  (a)  the  reformer  temperature  and  (b)  the  steam- 
to-carbon  ratio,  to  avoid  a  carbon  formation. 


Steam/Ethanol  ratio 


Fig.  3.  Performance  of  the  SOFC  systems  with  and  without  recycling  the  anode 
exhaust  gas  at  different  steam-to-ethanol  ratios:  (a)  electrical  efficiency  and  (b) 
thermal  efficiency. 


respectively.  The  recirculation  of  the  anode  gas  reduces  the  energy 
required  by  the  fuel  processor  (37.4%  reduction).  In  addition,  it  is 
observed  that  all  of  the  steam  required  for  the  steam  reformer  is 
recovered  by  the  anode  exhaust  gas  recirculation  (the  recirculation 
ratio  =  0.6),  and  this  can  save  the  energy  supplied  to  the  water 
vaporizer.  However,  the  total  energy  requirements  of  the  two  SOFC 
systems  are  not  different.  The  SOFC  with  anode  gas  recirculation 
can  produce  more  electrical  power  and  thus  requires  a  high  air 
supply  to  maintain  the  temperature  of  the  SOFC.  This  results  in 
high  energy  consumption  in  the  air  pre-heater.  It  is  noted  that 
since  the  power  required  to  drive  the  blower  for  the  anode  exhaust 
gas  recycling  has  slight  effect  on  the  SOFC  system,  it  is  negligible 
in  calculating  the  electrical  efficiency  of  the  SOFC  system. 

Fig.  3  shows  a  comparison  of  the  SOFC  system  performance 
when  not  recycling  and  recycling  the  anode  exhaust  gas  at  different 
steam-to-ethanol  feed  ratios.  The  simulation  results  clearly  show 
that  the  SOFC  system  with  anode  exhaust  gas  recycling  provides 
higher  electrical  and  thermal  efficiencies  than  that  without  recy¬ 
cling  the  anode  exhaust  gas.  In  the  case  of  the  SOFC  system  with 
anode  exhaust  gas  recirculation,  it  is  found  that  the  molar  flow 
rates  of  hydrogen  and  carbon  monoxide  in  the  SOFC  feed  stream 
increase.  As  a  result,  the  current  density  generated  by  the  SOFC  is 
more  produced,  resulting  in  higher  electrical  and  thermal  efficien¬ 
cies. 

Considering  the  effect  of  the  steam-to-ethanol  feed  ratio,  the 
electrical  performance  of  both  SOFC  systems  decreases  when 
increasing  the  steam-to-ethanol  feed  ratio.  This  can  be  explained 
by  a  dilution  of  the  hydrogen  fed  to  the  SOFC.  Unlike  the  electri¬ 
cal  efficiency,  when  more  steam  is  added,  the  thermal  efficiency  of 
the  SOFC  system  operated  with  a  recycle  of  the  anode  exhaust  gas 
slightly  increases  because  the  load  of  steam  generation  is  reduced. 
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Fig.  5.  Effect  of  fuel  utilization  on  the  composition  of  the  synthesis  gas  obtained  from  the  ethanol  steam  reformer  at  different  recirculation  ratios. 


In  addition,  the  high-temperature  recycling  gas  reduces  the  exter¬ 
nal  heat  load  for  the  SOFC  feed  pre-heater.  In  contrast,  for  the 
conventional  SOFC  system,  an  increase  in  the  steam-to-ethanol 
ratio  leads  to  a  higher  energy  requirement  for  evaporating  and 
preheating  feed  the  steam,  and  thus  the  thermal  efficiency  is  sig¬ 
nificantly  decreased. 

3.2.  Effects  of  recirculation  ratio  and  fuel  utilization 

It  is  well  known  that  a  crucial  problem  of  ethanol  steam  reform¬ 
ing  is  caused  by  the  formation  of  carbon  (graphite),  which  could 
lead  to  the  deactivation  of  the  catalyst  and  increased  pressure  drops 
in  the  reformer.  To  avoid  carbon  formation,  the  suitable  operating 
temperature  and  steam-to-carbon  ratio  should  be  determined.  In 
general,  a  steam  reforming  reaction  needs  to  be  fed  with  excess 
steam  to  increase  hydrogen  production  and  to  reduce  the  carbon 
monoxide.  The  presence  of  carbon  monoxide  will  promote  carbon 
formation  via  the  Boudouard  reaction  (Eq.  (15)).  Furthermore,  the 
tendency  of  carbon  formation  decreases  as  the  reforming  temper¬ 
ature  increases  due  to  the  exothermic  nature  of  the  Boudouard 
reaction.  Flowever,  operation  of  the  steam  reformer  at  a  high  tem¬ 
perature  with  more  steam  addition  results  in  a  high  operating  cost 
(Table  5). 


Fig.  4  presents  the  effect  of  the  recirculation  ratio  of  the  anode 
exhaust  gas  on  the  reformer  temperature  and  steam-to-carbon 
ratio  required  to  avoid  carbon  formation  at  different  fuel  uti¬ 
lizations.  It  is  noted  that  the  fuel  utilization  affects  the  gaseous 
composition  of  the  residual  gas  exiting  from  the  SOFC  anode, 
whereas  the  recirculation  ratio  indicates  the  amount  of  the  steam, 


Table  5 

Heat  duty  of  each  unit  in  the  SOFC  systems  with  and  without  anode  exhaust  gas 
recirculation. 


Heat  exchangers 

Heat  duty  (kW) 

SOFC  system  without 
recycling  the 
anode-exhaust  gas 

SOFC  system  with 
recycling  the 
anode-exhaust  gas 

Ethanol  vaporizer 

49.12 

49.12 

Water  vaporizer 

167.88 

- 

Pre-heating  gas  before 

152.04 

33.18 

reformer 

Pre-heating  gas  before 

30.44 

47.61 

SOFC 

Reformer 

234.70 

267.19 

Air  pre-heater 

1503.94 

1731.53 

Total 

2138.1 

2128.63 
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Fig.  6.  Effect  of  fuel  utilization  on  the  SOFC  system  performance  at  different  recirculation  ratios:  (a)  current  density,  (b)  fuel  cell  voltage,  (c)  power  density,  (d)  electrical 
efficiency,  and  (e)  thermal  efficiency. 


which  is  generated  by  the  electrochemical  reaction,  that  is  recycled 
to  the  ethanol  steam  reforming  section. 

As  seen  in  Fig.  4a,  the  reforming  temperature  required  to  sup¬ 
press  the  tendency  of  carbon  formation  is  reduced  when  the  SOFC 
is  operated  at  the  higher  recirculation  ratio  and  fuel  utilization. 
The  higher  recirculation  ratio  increases  the  recycle  of  the  steam  to 
the  ethanol  reformer.  Furthermore,  at  high  fuel  utilization,  more 
steam  is  also  generated  from  the  SOFC  stack.  These  factors  lead 
to  an  increase  in  the  steam-to-carbon  ratio  of  the  reformer  feed 
(Fig.  4b).  From  the  simulation  result,  when  the  SOFC  system  with 
anode  exhaust  gas  recycling  is  operated  at  a  low  fuel  utilization  of 
0.6  and  recirculation  ratio  of  0.4,  the  reforming  temperature  should 
be  higher  than  970  K  to  prevent  the  formation  of  carbon  in  the 
ethanol  reformer. 

Fig.  5a-e  shows  the  molar  flow  rates  of  hydrogen,  carbon 
monoxide,  carbon  dioxide,  steam  and  methane  at  the  outlet  of 
the  ethanol  reformer  as  functions  of  the  recirculation  ratio  and 


fuel  utilization.  As  expected,  the  amount  of  hydrogen  and  carbon 
monoxide  decreases  as  the  fuel  utilization  of  the  SOFC  increases, 
whereas  carbon  dioxide  and  steam  increase  because  the  elec¬ 
trochemical  and  water  gas  shift  reactions  in  the  SOFC  are  more 
pronounced.  The  results  show  that  an  increase  in  the  recircula¬ 
tion  ratio  increases  the  flow  rates  of  the  steam,  carbon  dioxide, 
carbon  monoxide  and  hydrogen.  Flowever,  at  high  fuel  utilization, 
the  carbon  monoxide  flow  rate  decreases  when  the  recirculation 
ratio  increases.  At  these  conditions,  more  steam  is  recycled  to  the 
reformer,  promoting  the  water  gas  shift  reaction.  It  is  noted  that 
when  the  SOFC  is  operated  at  a  high  fuel  utilization  and  recir¬ 
culation  ratio,  a  higher  steam  content  in  the  anode  exhaust  gas 
and  also  a  decrease  in  the  content  of  methane  at  the  reformer 
outlet  is  observed  due  to  an  increase  in  the  reverse  methanation 
reaction. 

The  influences  of  the  fuel  utilization  and  recirculation  ratio  on 
the  current  density,  cell  voltage,  power  density  and  electrical  and 


D.  Saebea  et  al.  /  Journal  of  Power  Sources  208  (2012)  120-130 


129 


Reformer  Temperature  (K) 


Fig.  7.  Effect  of  the  reformer  operating  temperature  on  the  electrical  efficiency  of 
the  SOFC  system  at  different  recirculation  ratios. 


thermal  efficiencies  are  shown  in  Fig.  6.  It  can  be  seen  that  increas¬ 
ing  the  fuel  utilization  and  the  recirculation  ratio  cause  the  SOFC  to 
generate  more  current  density  (Fig.  6a).  When  the  SOFC  is  operated 
at  higher  fuel  utilization,  more  hydrogen  is  consumed  to  produce 
electricity,  while  increasing  the  recirculation  ratio  of  the  anode 
exhaust  gas  leads  to  an  increase  in  the  molar  flow  rate  of  fuel 
to  the  SOFC.  However,  it  is  found  that  the  operating  cell  voltage 
decreases  with  the  increments  of  fuel  utilization  and  recirculation 
ratio  (Fig.  6b).  This  is  mainly  due  to  a  significant  increase  of  steam  in 
the  anode  exhaust  gas  as  the  fuel  utilization  and  recirculation  ratio 
increase.  Although  a  higher  amount  of  steam  promotes  the  ethanol 
reforming  reaction,  an  excess  of  steam  results  in  a  dilution  of  the 
hydrogen  required  for  the  electrochemical  reaction.  This  leads  to  a 
significant  decrease  in  the  open-circuit  voltage  and  an  increase  in 
the  concentration  loss. 

Fig.  6c  and  d  shows  that  at  low  fuel  utilization  (0.5-0.6),  the 
power  density  and  electrical  efficiency  of  SOFC  increase  with  the 
increasing  recirculation  ratio.  As  the  anode  exhaust  gas  consists  of 
a  higher  unreacted  fuel  content  due  to  the  low  fuel  utilization,  an 
increase  in  the  recirculation  ratio  results  in  an  increase  in  hydrogen 
at  the  SOFC  anode  inlet,  improving  the  SOFC  performance  in  terms 
of  current  density,  power  density  and  electrical  efficiency.  How¬ 
ever,  the  power  density  and  the  SOFC  electrical  efficiency  decrease 
when  increasing  the  recirculation  ratio  at  high  fuel  utilization.  Even 
though  an  increase  in  the  fuel  utilization  results  in  more  current 
density  generated,  the  increased  recirculation  ratio  causes  a  signif¬ 
icant  decrease  in  the  fuel  cell  voltage.  This  implies  that  at  high  fuel 
utilization,  the  decrease  in  the  fuel  cell  voltage  has  a  strong  impact 
on  the  power  density  and  electrical  efficiency,  compared  with  an 
increase  in  the  current  density. 

Considering  the  thermal  efficiency  of  the  SOFC  system  (Fig.  6e), 
when  the  SOFC  is  operated  at  low  fuel  utilization,  an  increase  in 
the  recirculation  ratio  decreases  the  thermal  efficiency.  Operation 
of  the  SOFC  at  a  high  recirculation  ratio  lowers  the  amount  of  the 
exhaust  gas  sent  to  the  afterburner;  therefore,  the  heat  generated 
from  the  afterburner  for  use  in  the  SOFC  system  will  decrease.  How¬ 
ever,  the  thermal  efficiency  can  be  enhanced  when  the  SOFC  system 
is  operated  at  a  higher  recirculation  ratio  and  higher  fuel  utilization. 
This  is  mainly  because  the  significant  increase  of  steam  recycled  to 
the  ethanol  reformer  reduces  the  demand  of  energy  for  generating 
steam  and  preheating  fuel  stream. 

3.3.  Effects  of  reformer  and  SOFC  operating  temperature 


SOFC  Temperature  (K) 


Fig.  8.  Effect  of  the  SOFC  operating  temperature  on  the  electrical  efficiency  of  the 
SOFC  system  at  different  recirculation  ratios. 


the  anode  gas  recirculation  considerably  increases  when  increas¬ 
ing  the  reformer  temperature.  As  the  ethanol  steam  reforming  is 
favored  in  operation  at  high  temperatures,  the  increase  in  produced 
hydrogen  promotes  the  electrochemical  reaction  in  the  SOFC  stack, 
and  thus,  the  electrical  efficiency  of  SOFC  is  enhanced.  However,  an 
increase  in  the  recirculation  ratio  results  in  a  lower  SOFC  electrical 
efficiency.  The  degradation  of  the  SOFC  performance  is  obviously 
noticed  when  the  reformer  is  operated  at  unsuitable  temperatures. 
This  lowers  the  production  of  hydrogen  fuel  for  the  SOFC.  In  addi¬ 
tion,  at  a  high  recirculation  of  the  anode  exhaust  gas,  more  steam 
is  added  to  the  SOFC,  thereby  decreasing  the  fuel  cell  voltage  and 
the  electrical  efficiency. 

Fig.  8  presents  the  electrical  efficiency  of  the  SOFC  system  as  a 
function  of  the  SOFC  operating  temperatures  when  the  reformer  is 


The  effect  of  the  reformer  temperatures  on  the  electrical  effi¬ 
ciency  when  the  SOFC  is  operated  at  temperature  of  1073K  is 
shown  in  Fig.  7.  The  electrical  efficiency  of  the  SOFC  system  with 


Excess  air  ratio 

Fig.  9.  Effect  of  the  excess  air  ratio  on  (a)  the  electrical  efficiency  and  (b)  the  thermal 
efficiency  of  the  SOFC  system  at  different  recirculation  ratios. 
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operated  at  temperature  of  973  K.  It  can  be  seen  that  the  electrical 
efficiency  increases  as  the  operating  temperature  of  SOFC  increases. 
An  increase  in  the  SOFC  operating  temperature  can  improve  its 
performance  because  the  rate  of  the  electrochemical  reaction 
is  more  pronounced.  In  addition,  at  elevated  temperatures,  the 
ohmic  and  activation  losses  are  also  reduced.  Therefore,  the  more 
current  density  is  generated,  leading  to  the  increased  electrical 
efficiency. 

3.4.  Effect  of  excess  air  ratio 

The  influence  of  the  excess  air  ratio  on  the  system’s  electrical 
and  thermal  efficiencies  at  different  recirculation  ratios  is  pre¬ 
sented  in  Fig.  9a  and  b,  respectively.  The  excess  air  ratio  has  a 
slight  effect  on  the  system  electrical  efficiency  but  a  larger  effect 
on  the  system  thermal  efficiency.  The  thermal  efficiency  sharply 
drops  when  the  SOFC  system  is  operated  at  a  high  excess  air  ratio 
owing  to  an  increased  requirement  of  the  heat  duty  of  the  air 
pre-heater. 

4.  Conclusions 

The  performance  analysis  of  a  SOFC  system  fuelled  by  ethanol  is 
presented  in  this  work.  An  electrochemical  model  of  the  SOFC  and 
an  equilibrium  model  of  ethanol  steam  reforming  are  employed  to 
simulate  the  SOFC  system.  The  performance  of  two  SOFC  systems 
with  and  without  anode  exhaust  gas  recirculation  is  compared.  The 
results  indicate  that  the  SOFC  system  with  anode  exhaust  gas  recy¬ 
cling  provides  higher  electrical  and  thermal  efficiencies  than  that 
of  a  non-recycling  SOFC  system.  It  is  found  that  the  tendency  of 
carbon  formation  in  the  ethanol  steam  reformer  decreases  with 
an  increasing  recirculation  ratio  and  fuel  utilization  in  the  SOFC 
stack.  At  low  fuel  utilization,  the  electrical  efficiency  of  the  SOFC 
system  increases  with  the  increasing  recirculation  ratio  while  the 
thermal  efficiency  decreases.  The  performances  of  the  SOFC  system 
show  an  opposite  trend  at  high  fuel  utilization  operation.  Therefore, 
the  recirculation  ratio  must  be  carefully  selected.  Furthermore,  the 


electrical  efficiency  of  the  SOFC  system  can  be  enhanced  when  the 
ethanol  reformer  and  SOFC  stack  are  operated  at  high  temperatures. 
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